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Wildland fires pose a significant threat to the environment and society at large. The large 
number of unknowns makes wildland fire predictions much harder than those typically 
encountered within the built environment, especially under the influence of wind. The 
spread rate of a fire depends largely on forward heating from the flame to unburnt fuels, 
however few measurements of heat fluxes from wind-driven flames exist. In wildland fires, 
the intermittent nature of flame is also thought to be uniquely important to the flame spread 
process. In this work, both averaged and time-dependent aspects of the flame are studied, 
including the total heat flux distribution on the downstream surface, flame extension and 
attachment, and frequencies of intermittent flame movements. Correlations of these 
properties, dependent on both fire size and ambient wind, will provide a means to describe 
the thermal exposure during fuel heating and ignition in wind-driven wildland fires. This 
data will provide a basis for both understanding and model development for wildland fire 
spread as well as provide a dataset for future numerical validation of computational fluid 
dynamic models.  
 
 
Detailed laboratory experiments were performed on line fires under forced flow with a 
variety of ambient wind velocities and fire sizes. Local heat fluxes were measured onto a 
nearly adiabatic surface downstream of a line burner. The downstream heat flux 
distribution was correlated as a piecewise function with the local Richardson number in 
two regimes, the first with higher heat fluxes, where the flame remained attached the 
downstream surface and the second with a steeper decay of heat fluxes. This observation 
was further corroborated by analysis of side-view images of the flame, which showed the 
attachment location was linearly correlated with the location where the Rix equaled unity.  
The flame forward pulsation frequency and the flame-fuel contact frequency were also 
extracted. Scaling analysis indicates that they can be well correlated with Fr, Q*, and local 
Rix respectively. The location of maximum pulsation frequency, xmax, for each burner/wind 
configuration was also obtained using the VITA technique. Further study indicates that xmax 
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Chapter 1: Introduction 
Despite many years of study, mankind’s understanding of wildland fires is still incredibly 
limited. The large scale and destructive nature of these fires makes them both important 
for society and incredibly difficult to study. Generally, wildland fires can occur or progress 
between two stages, from desirable natural fires that have occurred over the landscape for 
millennia and second, unwanted wildland fire disasters, wildfires. Wildfires as a disaster 
are a growing concern around the world. They pose a significant threat not only to the 
natural landscape, but also to surrounding environments and populations via smoke and 
other effluents, downstream effects such as erosion and floods, and the destruction of 
properties and threat to life in the Wildland-Urban Interface (WUI) [1, 2]. Many factors, 
most importantly deficient fuel management practices, the movement of persons into the 
WUI, and a changing climate have caused an explosive growth in the budget for wildland 
fire suppression in the United States. Unfortunately, these factors are predicted to get worse 
over the coming decades, necessitating research that may mitigate future disasters [3]. 
1.1 Wildland Fire Spread Modeling 
Accurately modelling the spread of wildland fires has become a key goal for the fire 
research community [4]. Wildland fire modeling is now used for a number of essential 
purposes including fire risk mapping, fire management, suppression planning and, in a 
limited sense, active fire suppression. In the future, accurate predictions of ongoing 
wildfires will be an essential source of data for fighting fires. It will be possible, for 
instance, to calculate what the chance of a fire spreading towards a community is, 
predicting the largest possible extent, when and where it might endanger firefighters, better 
predict the most cost-effective prescribed burning locations and improve fire suppression 
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and evacuation strategies. While current models can do some of this, they are limited by 
inaccuracies both in the model and input data [5, 6]. While there are many efforts under 
way to improve input data, future predictions in time will remain severely limited if the 
physical model for fire spread is incorrect. 
The dynamics of wind-driven fires, especially those resembling a line fire configuration 
similar to spreading wildland fires have not been well documented, instead focusing on 
their steady or averaged characteristics [7]. While Albini studied the response of a 
spreading fire to a non-steady wind [8, 9], he did not account for fluctuations produced by 
the flame front itself or the effects of these motions on unsteady heating. Recent results by 
Finney and Cohen et al [10, 11] have revealed the influence of intermittent convective 
heating on wildland flame spread due to the small diameter of wildland fuels which are 
incredibly sensitive to rapid convective heating and cooling but have a low response to 
radiation due to a low surface to volume ratio. Despite this recent discovery, no work has 
yet addressed the intermittent effects of heating from wind-blown flames. 
Information on steady and intermittent heating and flame-movement will help us to 
understand how fuel downstream of the flame front will be heated as a function of time 
and thus fill in an important part of the puzzle of how wildland fires spread. The convective 
heating found in previous studies from Finney et al. [4] were hypothesized to appear from 
buoyant instabilities in the fire itself. Similar behavior has been observed in laboratory-
scale fires with steady gas burners [12], indicating this may be a reasonable configuration 





1.2 The Structure of Wild-Blown Flames 
 
A detailed look at the structure of wind-blown flames reveals that there are a variety of 
structures and regions which vary in both time-dependent and averaged characteristics. 
Figure 1 shows an image of a wind-blown flame from a stationary burner that at first 
appears attached along the downstream surface, but eventually lifts into a tilted flame. In 
this work, three regions will be defined to describe this region. First, a flame attachment 
region exists where the flame is visibly forced to attach the surface, occurring for some 
distance downstream of the burner since the wind momentum overpowers buoyancy from 
the flame. As the flame moves forward, buoyancy increases in proportion to the wind 
momentum and the flame enters a transitional, “intermittent” region, where the flame 
fluctuates between competition with wind momentum and flame buoyancy. After this 
region, the flame is finally lifted due to the dominant role of buoyancy which grows with 





Figure 1. Diagram of a wind-blown flame illustrating regions existing along the surface 
as well as movements that occur within the flame. 




In the process of the flame moving forward, a two-directional fluctuating behavior is 
anticipated, also indicated on Fig. 1. One is forward pulsation, where the flame 
intermittently flickers forward onto the downstream surface ahead of the flame front. In a 
spreading fire scenario, this may potentially reach more unburnt fuels and heat them, albeit 
for short times. This likely occurs due to a competition between momentum-driven wind 
and a counter-clockwise recirculation zone at the flame front, a buoyant instability similar 
to puffing pool fires, or a combination of the two. The other is intermittent contact, which 
appears most rapid in the region between the attached flame length and the lifted region. 
The up-and-down motion of the flame here is most likely due to a local buoyant instability 
and might subject to change along the downstream distance. Separately measuring these 
two components will help to determine the influence intermittent heating has in each of the 
mentioned regions. Flame forward pulsation and intermittent contact will play a significant 
role in the ignition of unburnt fuels within the flame’s reach in wind-driven fires. 
1.3 Outline of the Dissertation 
In this study, a stationary, non-spreading fire configuration will be used to study wind-
driven fire spread as it allows for a thorough statistical analysis of the flame structure and 
its intermittent behavior. Long-duration experiments provide a large sample size and more 
control over variations in experimental parameters, such as decoupling the heat-release rate 
of the fire from flow conditions, unachievable in spreading fires. The flame zone depth in 
the direction of fire spread can also be carefully adjusted via the size of a burner. 
Experiments are conducted at laboratory scale, where control of the experiments is more 
tractable and they can be taken over long times to develop a statistical view of the flame 
and its movement.  
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First, total heat flux measurements on a nearly adiabatic surface downstream of a burner 
are used to correlate the heat flux distribution there for a variety of fire sizes and forced air 
flow velocities. The data is evaluated versus a local Richardson number to describe how 
heat fluxes change downstream in both attached and lifted scenarios. Next, a time-
dependent view of the extension of the flame is extracted from side-view images with a 
focus on the flame attachment length. Locations of maximum forward flame pulsation 
frequency are then related to correlations of mean flame properties. A statistical view of 
the flame is also presented, dependent on both wind speed and fire size. Finally, the 
frequency of forward flame pulsations extracted from side-view images of the flame and 
frequencies of flame-fuel contact measured using a high-frequency heat flux gauge on the 
surface are measured and analyzed using previous scaling laws.  
Using this stationary configuration, the intermittent behavior of the flame, including its 
motion and heating to the fuel surface will be quantified. These experiments represent a 
first step toward understanding the behavior of larger (and more complex) spreading 
wildland fires, providing a framework from which to study the movements of larger fires 





Chapter 2: Literature Review 
2.1 Wildland Fire Spread Modeling 
In the wildland fire research community, it’s well known that there are several factors that 
control wildland fire spread, namely the fuel, weather, and topography, shown in Figure 2. 
These three factors are the main forces that have been found to affect wildland fire spread. 
In the 1970’s Rothermel [13] developed a semi-empirical correlation to estimate the 
forward rate-of-spread (ROS) based on laboratory experiments, 












   ,                                         (1) 
where the ROS is the steady, forward rate of spread of a fire, IR is the reaction intensity,   
the propagating flux ratio, w the wind coefficient, s the slope coefficient, b the oven-
dried bulk density,  the effective heating number, and 
igQ  the heat of pre-ignition. 
Essentially, the numerator describes the amount of heat released by the fire (IR) and how 
much of that is propagated forward to unburned fuels ( ), adjusted by factors for wind and 







Figure 2. Wildland fire triangle (fuel, weather, and topography) and a representative 
schematic of fire propagation [14]. 
While this formulation was a huge leap at the time, it has a number of substantial 
limitations. The model is not perfect, there are many aspects of wildland fire spread that 
have not been incorporated into the model. First and foremost, the model is not entirely 
physically based and relies on correlations at laboratory scale that may or may not scale to 
large scale. For example, the model assumes that the fuels are uniformly distributed, which 
is not often the case in real wildland fires spread. The model also treats flame spread to be 
steady and uniform in one direction only. In reality, fires accelerate and spread laterally 
(flanking spread) as well, however the model ignores all time-dependent effects including 
the natural instabilities of the flame and its interactions with the wind. This model was 
simply a correlation to the observed wildland fire phenomena, and most of the data they 
used came from lab tests and prescribed burning. What we are trying to do in this 
dissertation is to further investigate processes which are incorporated into this model, 
particularly under wind-driven scenarios, so that they can be added into future models for 





2.2 Flame Dynamics 
Recent studies of spreading fires in the 3×3 m wind tunnel at the Missoula Fire Science 
Laboratory have revealed coherent structures that form in the stream-wise direction of the 
flow as well as span wise fluctuations that propagate to the downstream edge of the flame 
zone contributing to fuel heating [15], shown in Figure 3. The highly spatially-uniform fuel 
beds used in these experiments allowed for the observation of these structures with more 
repeatable results than previous efforts. The results suggest that flame spread in fine fuel 
beds is driven by non-steady convective heating and intermittent flame contact on fuel 
particles. These heating characteristics were measured using micro thermocouple arrays 
and high speed video. The unsteady flame front, however, made it difficult to carefully 
study these properties, such as a statistical analysis of these features which appear 
stochastically in the flow. A technique is therefore needed that could study these new 
instabilities and other general structures of propagating wildfires in a small-scale 
configuration that can be utilized over long times. Because of the intermittent behavior of 
wind-driven fires, the average and time-dependent properties of flame, including the heat 
transfer to the unburnt fuels, flame extension and intermittent pulsation frequencies, will 




Figure 3. An illustration of flame dynamics and the resulting instabilities from 
experiments performed by Finney et al. [10] are shown. A number of both stream-wise 
and span-wise instabilities are shown to form which force flames and hot gases through 






Several early studied on flame spread revealed that wind can change the flame shape and 
thus the flame-fuel interaction significantly, shown in Figure 4 [16-18]. In wind-driven 
fires, flames tend to be elongated and forced to attach to the fuel bed surface. Flames and 
the fuel will intermittently interact with each other due to the fluctuating nature of the 
flame. Compared to conditions under stagnant conditions, heat transfer from the flame to 
the unburnt fuel in wind-driven fires may change, for example, convection will play an 
important role as the flame is forced down and intermittently contacting the fuel, thus 
modifying the heat flux distribution on the downstream surface, which will largely 
determine the ignition process of the unburnt fuels, changing the spread rate.  
 
Figure 4. Comparison of wind-driven fire behaviors with that under quiescent conditions 
(from Rothermel [16-18]). 
 
2.3 Heat Flux Distribution 
 
The heat flux downstream from a burning fire has often been of interest to fire safety 
researchers because this heating is known to govern a fire’s rate of spread [19]. 
Formulations [20] describing the rate of flame spread often requires input of the heat flux 
to unburned fuel ahead of the burning (pyrolysis) region, px , the distribution of this heat 
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flux (as it may not be constant),  xq f  , and the length of this region (nominally the flame 
height minus the pyrolysis height, pf xx  ). While these features have been somewhat 
well studied in upward configurations over a vertical wall, where buoyancy and spread 
occur in the same direction [21-23], little information is available in wind-driven 
configurations where fire-driven buoyancy and wind-driven momentum compete [24]. 
These configurations are vitally important to understand the dynamics of spreading 
wildland fires [25], tunnel fires [26] and mine fires [27]. While some of these 
configurations occur in a closed (bounded) configuration, e.g., a tunnel, the dynamics of 
these process are still relatively translatable, except in the regime where the top surface 
begins to influence the flame. While many studies of flame spread have used a constant 
value for the heat flux distributed to the surface of the unburnt region [28, 29], more 
detailed measurements in vertical configurations have shown that this is only a coarse 
approximation that introduces significant errors. In reality, the heat flux to the unburnt area 
is often in the form of parabolic or exponentially-decaying profile [30–32]. 
Spreading fires are difficult to study because the flame moves as a function of time, often 
accelerating, making it challenging to measure important features such as downstream heat 
fluxes. Experiments with real fuels are also complicated because external conditions such 
as ambient winds or slope not only affect the spread rate, but also the burning rate of the 
fuel, modifying the downstream flame length and heat fluxes. In order to decouple and 
simplify the problem, a gas burner is often used to represent the pyrolyzing region, px , 
which then remains stationary with a fixed burning rate over time. This technique has 
previously been used to study flame spread over fabrics [33] and sloped surfaces [34, 35], 
however little information is available in the literature for a forced-flow configuration [36]. 
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Certainly, a forced-flow configuration will be more complicated, not only because of a 
competition between buoyancy and momentum, but also because it is difficult to define the 
flame length, fx , as the flame lifts away from the surface of the fuel, but technically is 
present. The stationary gas-burner configuration will enable measurements of heat fluxes 
from the flame to a nearly-adiabatic downstream surface over long times, resulting in 
averaged profile of the flame behavior and how it would affect flame spread.  
Heat fluxes from both spreading and stationary fires in upward [37-39], sloped [40, 41] 
and forced-flow configurations [42-44] have been measured in the past using various 
techniques. Because the flame spread process is incredibly complex, most formulations 
simplify the spatial dependence of the heat flux ahead of px  as a constant [45-46] or as a 
power-law or exponential function of downstream distance [47]. Markstein and de Ris [48] 
fit this dependence for upward and inclined line burners to simulate flame spread over 
fabric as a decaying power law function, here represented as  
                                                              npf xxaxq /  ,                                                            (2) 
where x is the downstream distance from the upstream edge of the fuel, px  is the pyrolysis 
length and a and n are constants fit to the data [48]. In a study by Gollner et al., the exponent 
n was found to vary between -2 to -7 for different inclined angles of thermally-thick PMMA 
[30], but to the best knowledge of the author, no values have been presented in the literature 
for forced-flow flames. 
Heat fluxes to the downstream surface can be divided into two components, convective, 




                                              
rrsrflcflf qqqq ,,,                                                           (3) 
where 
  
0, )(  ywcfl
dy
dT
kq , and )( 44,  TTq wrrs  .  
Thus  
                                   )()( 44,0   TTq
dy
dT
kq wrflywf  ,                                            (4) 
where 
cflq ,  , rflq ,  , rrsq ,   are the convective heat flux received by the surface, radiative heat 
flux received by the surface and re-radiation heat flux from the surface to the ambient, 
respectively. The convective heat flux can be approximated close to the fuel surface as 
0, )(  ywcfl
dy
dT
kq , which is the gas phase convective heating assuming the Chilton-
Colburn extension to the Reynolds analogy near the fuel surface [52]. Re-radiation from 
the surface to the ambient can be evaluated from the wall and ambient temperatures. The 
total heat flux to the surface can thus be described as the sum of the convective and 
radiative component of the flame. For small-scale laminar experiments over liquid fuels, it 
has been reported that the convective heat flux is relatively high, contributing 85% of the 
total heat flux [52]. While the absolute value of the convective heat flux will eventually 
reach a relative plateau downstream, radiation will continue to increase as the flame sheet 
thickens. It has also been observed that the radiative component of the total heat flux will 
decrease to some degree with an increase in wind speed. As found in the work of Singh et 
al. [52], the radiative heat flux is 28% and 20% of the total incident heat flux for ambient 
velocities of 0.79 and 2.06 m/s, respectively for PMMA burning cases, because when the 
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wind velocity is high, it pushes the flame to attach the board surface and the local 
temperature gradient is increased, causing the local convective heat flux to increase, too. 
The heat flux from the flame to the unburnt fuel surface is closely related to fuel heating 
and ignition and thus fire spread. The heat flux distribution in vertical wall fires have been 
studied extensively, however information regarding the heat flux on the downstream 
surface in a wind-driven fire scenario has not been clearly investigated. This information 
has strong implication on the wildland fire spread as the heat to the unburnt fuels controls 
the flame spread. 
2.4 Flame Pulsations and Movement 
 
The “puffing” phenomenon of pool fires has been relatively well studied, with a universal 
scaling law of the frequency of flame pulsations being well correlated with the diameter of 
the burner. The results from Cetegen [53, 54], Rasbash [55], and Hamins [56] on circular 
pool fires indicates the pool fire puffing involves a strong coupled interaction between a 
generated toroidal vortex, formed a short distance above the surface of the fuel, and the 
perturbations it supplies to the flow field in the vicinity of the flame surface. Experiments 
have been conducted using circular burners with a wide range of diameters, including both 
gaseous and liquid fuels. Measurements of fluctuations were performed to study the 
influence from various parameters to the flame behavior, such as heat release rate effects 
and disturbances introduced around fires.  
Cetegen [54] and Hamins [56] noted that the pool fire puffing frequency, f is relatively 
insensitive to the heat release rate of the fire, but is closely related to the diameter of the 
diameter of the pool, D, expressed as  
                                                  
2/1 Df .                                                        (5) 
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Scaling relationships between these quantities have also been proposed, among which the 
Froude number,  




  ,                                                     (6) 
which characterizes the inertial force over the gravity force, and the Strouhal number,  
                                                        St = fD/U,                                                                  (7) 
which characterizes oscillating flow mechanics or vortex shedding, have been most 
commonly used [57]. Here, U represent the characteristic velocity and g represents the 
acceleration due to gravity. For pool fires, the characteristic length is often the diameter of 
the pool and velocity the fuel velocity at the surface, approximated from the burning rate. 
Based on Eq. 5, a relationship between St and Fr can be formed, 












UfDSt .                                       (8) 
Most of the existing literature on pool fire puffing fits both the diameter and St-Fr scaling, 
however all of these results have investigated fire behavior under stagnant conditions [58-
60]. Some results have extended scaling from pool fires to line fires [61, 62], however these 
have not addressed the puffing phenomena, which has also been observed for wildland 
fires, over a broad range of scales [63]. For smaller fires, a “flickering” instability at a 
higher frequency than “puffing” is also formed at the top of small flames [64]. When a fire 
is influenced by a perpendicular wind, e.g. during a wildland fire, it is easily observed that 
the wind will also significantly affect the movement of the flame and influence the 
frequency by which the flame extends forward of the mean flame zone, reaching the 
unburnt area, but these motions have not been thoroughly described. 
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More recent studies on stagnant pool fire puffing behavior have also been conducted under 
various ambient conditions. For instance, Tang and Hu [65] studied puffing from pool fires 
with different burner sizes and aspect ratios in normal and sub-atmospheric environments. 
They noticed the puffing frequency will increase with burner aspect ratio, and reaches a 
relative constant with different ambient pressures. Abe [66] studied the influence of gravity 
on the puffing frequency, finding that the puffing phenomenon was suppressed under low 
gravity and that the puffing frequency under low-gravity environments cannot not 
summarized by previous correlations. His results were summarized by a relationship 
between the Strouhal-Froude number as St=0.577Fr-0.502. Different fuel types were also 
tested in the study of pool-fire puffing behavior [67] and it was noticed that the fuel type 
does not have much impact on the puffing frequency and puffing intensity.  
The intermittent behavior of flames in wind-driven fire spread would certainly differ from 
puffing under stagnant conditions. Because wind is introduced, perpendicular to the 
upward movement of the buoyant flow, it will push the flame to move in the span-wise 
direction, with flame buoyancy pushing the flame upward. Thus, in wind-driven fires, 
flame pulsations can be divided into two directions, upward, primarily driven by buoyancy, 
and forward in the wind direction, driven primarily by momentum supplied by the wind. 
There may of course be many interactions between these two modes, however both are 
ultimately the outcome of these competing mechanisms and will be studied separately here.   
2.5 Flame Extension and Flame Attachment 
 
The geometry of flames under various configurations have been studied extensively, 
however most research addresses flames under quiescent ambient conditions. Under these 
stagnant conditions, the flame height is the same as the flame length, often also the most 
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important length scale in characterizing the geometry of the flame. Thomas found the flame 
height is well correlated with the burning rate and fire diameter for different fuels [68]. 
Heskestad [69, 70] later proposed a widely-used correlation for flame height, based on a 
wide variety of fire sources, 
                                                           02.17.3 5/2*  Q
D
H  ,                                              (9) 
where H is flame height, D is fire source diameter, and 
*Q  is the dimensionless heat release 
rate, defined as 








  .                                              (10) 
Here, Q  is the heat release rate of the fire, a  is the density of ambient air, pc the specific 
heat capacity, and aT  the temperature of ambient air in Kelvin. 
In a wind-driven fire, flames will be tilted toward unburnt fuel to form an angle from the 
vertical. The flame will also be “stretched”, and grow longer along the surface. A reduction 
in the overall length may also occur due to better mixing with air, especially at higher 
velocities. The flame extension or flame drag behavior by the wind has not been 
investigated thoroughly. Hu et al [71] studied the flame extension behavior of circular pool 
fires under wind, considering air mixing, and developed a correlation to predict the flame 
extension length, 




















 ,                 (11) 
where 
f  is the flame extension length, u is the wind speed, D is the pool diameter, s is 
the molar stoichiometric oxygen to fuel ratio, CH  is the heat of combustion of the fuel, 
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fuelM  and 2OM is the molecular weight of the fuel and oxygen, fgH  is the effective heat 
of evaporation, a is the air density, and ,2OY is the oxygen mass percentage concentration 
in ambient air. Here, the flame extension length in wind-driven fire cases has been shown 
to not only be a function of heat-release rate, but also wind velocity, fuel type and the rate 
of mixing with air. 
In a wildland fire scenario, the flame length has been shown to have a strong relationship 
with the fire spread rate since it provides information on the potential distance the flame 
can convectively heat unburned fuels (a forward heating length), although this relationship 
is much more complex than the simple relationship presented by Byram [72].  In wildland 
fire spread the flame attachment length on the downstream surface, or the flame drag length 
[73, 74] is important in determining this forward heating length. This phenomenon has 
been observed for a long time. Several equations based on laboratory pool fire experiments 
have been proposed to describe this phenomenon. Wellker and Sliepcevich [75] correlated 
the flame attachment length against the Froude number of the wind (Frw), 

















,                                                 (12) 
where V , a are the density of fuel vapor at the boiling point and ambient air respectively, 
D is the diameter of the pool, and D  is the flame attachment length on the surface. Raj 
[76] further proposed  

















,                                              (13) 
based on a combination of data from Welker [75] and Raj [76] to predict the attachment 
length in a wind-driven fire.  
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Flame attachment along a downstream surface has also been observed during spreading 
fires, such as the study by Apte et al. [77] which investigated large-scale wind-driven fire 
spread over a larger thermally-thick slab of polymethyl methacrylate (PMMA) in a mine 
tunnel. The flame and, therefore, attachment was generally divided into regimes of 
attached, boundary-layer like flame spread and lifted, plume-like behavior where the flame 
was lifted and tilted some angle from the surface of the fuel. These distinctive regions are 
formed due to the competing mechanisms of momentum from the wind and buoyancy from 
the flame. In this study, we will also define an intermittent attached region which occurs 
between the attached and lifted regions.  
2.6 Summary 
Based on the literature review, intermittent flame behavior in wind-driven fires is not yet 
well understood. While heat flux distributions have been well-studied in a vertical wall 
configuration, little information is available when the flame is driven by wind. Some 
information on flame shapes, including the flame height and flame length under stagnant 
and some wind-driven conditions have been studied, however there is much left to be 
understood. This information will be important to develop a physical model of wind-driven 






Chapter 3: Experimental Facility and Instrumentation 
A wind tunnel apparatus was used, which mainly includes a blower, gas burner, and a test 
section. A description of the apparatus, instrumentation and experimental procedures are 
provided below. 
3.1 Wind Tunnel Setup 
A specially-designed wind tunnel was used at the University of Maryland to conduct 
forced-flow fire experiments. The structure and dimensions of this lab-scale tunnel can be 
seen in Figs. 5 and 6 [12, 52, 78-81]. Revisions were made to the wind tunnel to facilitate 
our measurements. At one end of the tunnel, a 100×75×100 cm plenum with an EBM 
blower (G3G250-MW72-01) with a maximum flow rate of 1200 cfm was connected to 
pressurize the plenum. A pulse-width modulation controller allowed for precise control of 
the wind blowing without generating significant perturbations to the air flow. The 
pressurized air then travels through a 30.48×30.48 ×122 cm straight tunnel before 
reaching the test section. A set of fine turbulence reduction screens and 5 cm thick 
honeycombs with 0.3 cm diameter holes were built and installed within the tunnel. The 
final piece of the wind tunnel setup is the exhaust duct (tunnel), from which the uniform 




    
Figure 5. Photo of the wind tunnel apparatus 
 




3.2 Gas Burner 
Two gas burners, previously designed and built by Gorham [12] and Singh [52], were used 
to simulate wind-driven fires. The 6.5 cm tall burners were 25×5 cm2 and 25×10 cm2 
wide, built with thick galvanized steel. They were built with a 2 cm tall plenum and had 
4.5 cm of fine sand placed on top of a fine mesh to distribute the fuel. Propane gas enter 
the sand burner through 0.6 cm diameter NPT bulkhead fitting on the bottom side of the 
burner plenum. The fire size of the tests can be controlled by the mass flow rate of the 
propane, controlled using an Alicat MCR-100SLPM-D mass flow controller. The fire sizes 
of the tests ranged from about 3 to 15 kW. 
3.3 Velocity Characterization 
The ambient wind velocity coming out the tunnel was measured using a Dantec Dynamics 
hot-wire anemometer system. The hot-wire anemometer used here can be seen in Fig. 7. 
Note that the single-direction hot-wire anemometer is fragile, records at high frequency, 
and is very sensitive to ambient conditions. Extra care needs to be taken when making the 
measurement using this device. The maximum sampling frequency of the hot-wire 
anemometer is to 1000 Hz, and the maximum ambient temperature it can withstand it 150 
C. Before performing experiments the hot-wire anemometer is calibrated in a controlled 
Poiseuille flow against a known hand-carry anemometer, with the wind speed during 





Figure 7.  Hot wire anemometer used in his study [82]. 
 
The ambient wind velocity in our experiments ranged from about 0.5 to 2.5 m/s. The 
velocity profile and corresponding turbulence intensities of the wind (ratio of the root-
mean-square of the deviation of the wind velocity to the mean velocity) were characterized 
and checked every time in the ambient flow before taking experimental measurements. 
Two ambient velocity conditions were characterized for these experiments, a low wind 
speed at 1.12 m/s, and a high wind speed at 2.15 m/s. The measurement locations used are 
shown in Fig. 7. For each of the two wind conditions characterized, 5 different downstream 
locations were measured, starting from the leading edge of the metal sheet, where the 
incoming wind flow first reaches the test surface, which is labelled as 0 cm in Fig. 8, and 
then 4 more vertical lines were taken every 10 cm along the downstream surface. At each 
measurement location, measurements were taken along a vertical line, starting from 2 mm 
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above the surface, at an interval of 0.5 mm up to 20 mm above the surface. At each 
measurement location, data were taken for 30 seconds and the averaged velocity was 
calculated. The velocity data are shown in Figs. 9 and 10. The bulk velocity can be 
estimated from the two figures above the boundary layer thickness. The data shows that 
the ambient velocity is very uniform and steady above the boundary layer thickness.  
 





Figure 9.  Low velocity (1.12 m/s) profile with height over the surface. 
 
Figure 10. High velocity (2.15 m/s) profile with height over the surface. 
The turbulence intensity of the ambient flow was also recorded to provide more 
information on ambient boundary conditions. Figures 11 and 12 show the turbulence 
intensity for the two wind velocities mentioned above, measured at different downstream 
locations along a vertical line above the board surface. It can be seen that, for the most part, 
the turbulence intensity is well controlled below 2%, with several points approaching as 
high as 5%, where these locations are close to the board surface and surface roughness 
within the boundary layer makes the turbulence intensity increase. It is also found that, 
when the wind velocity is high, the turbulence intensity increases a little bit higher than the 
low velocity ones, but the wind profile remains very uniform and the turbulence intensity 
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very low in the central core of the tunnel exit, which provides a steady wind profile for our 
experiments, shown in Figs. 11 and 12. 
 
Figure 11. Turbulence intensity profile with height and downstream distance over the 





Figure 12. Turbulence intensity profile with height and downstream distance over the 
surface (2.15 m/s, high wind case). 
 
3.4 Temperature Measurements and Traverse System 
R-type thermocouples with Pt/Pt-13% Rh are used here for temperature measurement. Two 
wire diameters, 50 and 75 µm, with bead diameters 100 and 150 µm, respectively are used 
[83]. The small diameters of the R-type thermocouples made high-resolution 
measurements possible. Also, disturbances to the flame and the radiation loss correction 
from the thermocouple bead are minimized. A schematic figure of the thermocouple used, 
including a connector, ceramic tube and thermocouple bead are shown in Fig. 13. In our 
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tests, to apply a radiation correction to our temperature data, both 50 and 75 µm diameter 
thermocouples were used. A transverse system was also used to obtain accurate positioning 
and incremental movement of the thermocouples. Two computer-controlled Velmex X-Y 
unislides allowed the thermocouple to move in two directions with a maximum spatial 
resolution of 1.5 µm.  
 
Figure 13. Thermocouple and mount used in temperature measurements [83]. 
 
3.5 Total Heat Flux Gauge 
A Vatell water-cooled total heat flux gauge [84] (model HFM1000-0) was used in our tests 
to measure the total heat flux distribution on the downstream surface of wind-driven line 
fires. Before taking measurements, the heat flux gauge was calibrated against a NIST-
traceable Medtherm incident heat flux sensor in the cone calorimeter. The result of the 
calibration can be seen in Fig. 15. An amplifier was also used to process the data output 
before being recorded by the data acquisition system. The total uncertainty for a single heat 
flux sample acquired with this water-cooled heat flux gauge is found to be less than 3%. 
The fitting equation for calibration between the heat flux and the voltage output gives an 




Figure 14. The Vatell total heat flux gauge and amplifier used in experiments [84]. 



























Equation y = a + b*x
Adj. R-Square 0.99993
Value Standard Error
A Intercept 5.35965 0.05838
A Slope 23.32073 0.06562
 






Table 1. Vatell heat flux gauge specifications from the manufacturer [84]. 
Product details Vatell HFM 1000-0  
Output signal Linear output 
Sensor coating Pyromark 1200, 0.95 emissivity 
Repeatability  0.5% 
Resistance (at 24℃) 3690 ohm 
 
3.6 Radiometer  
In order to measure radiation from the flame to the downstream surface, a water-cooled 
Medtherm Schimdt-Boelter radiometer (model NO. 64O-10SB-22) was used [85]. The 
radiometer was pre-calibrated with a water temperature at 29.4℃, with a 3% uncertainty, 
about 95% confidence level. Calibration was performed in compliance with ISO/IEC 
17025, ANSI/NCSL Z540-1 and MIL-STD-45662A to Medtherm PI-20 with traceability 
to the National Institute of Standards and Technology. A sapphire purge window was also 
used to avoid soot from the flame clouding on the radiometer surface. The full-scale output 
level was 9.59 mV at 100 kW/m2 with responsivity 0.0959 mV per kW/m2. The maximum 
non-linearity of the gauge is about 2% of the full range, and repeatability within 0.5%. A 
schematic of the radiometer sensor is shown in Fig. 16. The diameter of the sensor 2.5 cm 
with sapphire window installed on top. The standard window is at 150o view angle. Two 
water tubes, each with diameter 0.32 cm were connected to the sensor to provide cooling 
effect to the gauge when working with heat sources. A 0.32 cm diameter gas purge tube 




Figure 16. Schematic of the Medtherm radiometer used from the manufacturer [85].  
 
3.7 Digital Camera 
A Nikon D7000 digital SLR camera (4,928 × 3,264 pixels) was used to capture flame side-
view images during tests. A MATLAB program is then used to process the images to obtain 
an averaged image. The camera was set up to perpendicular to the side of the test section 
in order to capture the whole flame. Averaged flame images are determined by a 50% light 
intensity threshold, and the flame attachment length on the downstream surface is 
determined based on the distance between the flame and the downstream surface. 
3.8 Data Acquisition Systems 
A Compact DAQ USB chassis with C-series I/O modules from National Instruments were 
used in tests for velocity, temperature, and heat flux measurement input and output. For 
temperature measurements, the voltage signal from the thermocouple was acquired, 
conditional and digitized through a NI-9214, which is a 24-bit high density 16-channel 
thermocouple input module with a 0.02℃ measurement sensitivity. A built-in cold-junction 
compensation circuit is provided in the NI 9214. In addition to the cold-junction 
compensation system, the NI 9214 also has an extra, internal-only channel known as the 
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auto-zero channel, from which an offset error can further be eliminated to provide more 
accurate measurements. 
The NI 9214 module is used for thermocouple and heat flux measurements, however, for 
hot wire wind velocity measurements at high frequencies, an NI 9239 module needs to be 
implemented, which is 4-channel, 24-bit C Series analog input module and comes with a 
channel-to-channel isolation and built-in signal conditioner. Figure 17 shows a view of the 
NI-cDAQ 9178, NI 9124, and NI 9239 C-series modules. 
LabVIEW is used for continuous data acquisition, with different scripts prepared for 
temperature, velocity, and heat flux measurements. The scripts also provide readings of the 
data, such as maximum value, minimum value, mean value, standard deviations, and 
turbulence intensity. 
 
Figure 17. National Instrument data acquisition systems used in the study [86]. 
 
3.9 Experimental Conditions 
Tests were conducted in the large fire lab at the University of Maryland to study the heat 
flux and temperature distribution of wind-driven line fires. For heat flux measurements, 
the water-cooled Vatell heat flux gauge was used, with a measurement range from 0-100 
kW/m2 and a response time of 1 kHz. A ceramic fiber insulation board (Superwool board 
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pre-painted with matte black high temperature paint) with dimensions of 45×90×2.5 cm3 
was used to hold the gas burner and provide a surface over which to take measurements. 
The heat flux gauge was inserted into pre-drilled holes and kept flush with the surrounding 
insulation board to measure the total heat flux received by the surface downstream of the 
burner. The heat flux gauge was calibrated against a known incident heat flux gauge, with 
calibration results showing a measured uncertainty less than ±3%. Heat fluxes were 
averaged over 200 s for each test point. The spacing between adjacent holes on the 
insulation board for the heat flux gauge was 5.5 cm measuring up to 33 cm downstream. 
The first measurement point could only start as close as 5.5 cm away from the trailing edge 
of the burner due to the configuration of the burner and gauge water-cooling system. Each 
heat flux test was repeated three times and an averaged value is taken as the final 
measurement data. The wind velocity in the experiments ranged from about 0.5 m/s to 2.5 
m/s. Three different fire heat release rates, 4, 5 and 6 liter per minute (lpm) of propane gas 
flow were employed for the experiments, corresponding to 6.3, 7.9 and 9.5 kW fire sizes. 




Figure 18.  Experimental setup downstream of the tunnel outlet. 
 
Local flame temperatures were also measured using R-type thermocouples traversed via 
an X-Y unislide from the surface of the heat flux gauge to the thermal boundary layer above 
the flame. The first measurement point in one vertical line is the insulation board surface, 
measuring vertically above that at 1 mm intervals. In one vertical direction line, there are 
nearly 20 measuring points, up to the flame height. Voltage signals from the thermocouples 
were acquired, conditioned and digitized through a National Instruments NI 9214, averaged 
35 
 
at each point for 60 s. All tests were repeated 3 times to ensure repeatability. Table 2 shows 
the experimental conditions used. 
 
Table 2. Experimental conditions (I) 
 
Fire size (kW) Wind velocity 
(m/s) 
Downstream heat 
flux locations (cm) 
Thermocouple locations 


























A side-view camera was also used to capture flame images. Pictures are averaged, a 
threshold applied to distinguish flame vs. no flame and the flame attachment length on the 
downstream surface determined as the distance between the burner trailing edge to the 
location where the distance between the flame and the surface reaches 5 mm using a custom 
MATLAB script was used, applying different thresholds (1, 2, 4, 6 mm) to test the validity 
of the method. No variations of the trend were observed, though the absolute values shift 
slightly.  
In another set of experiments, different burner geometries, wind velocities and fire heat 
release rates were used to study fluctuations of the flame with wind. The experimental 
setup was very similar to Fig. 18 but without the heat flux gauge and thermocouple 
measurements. The main methodology used there was image analysis. High-speed 
36 
 
videography was used to capture digital images of the flame in all configurations from a 
side view. The camera used was high-speed Casio EFX-1, recording at 120 frames per 
second with a 640×480 pixel resolution. The experimental conditions are listed in Table 3.  






Free-stream wind velocity (m/s) 
25×5 
2.38 1.11, 1.39, 1.61, 1.89, 2.11, 2.36 
3.21 1.11, 1.39, 1.61, 1.89, 2.11, 2.36 
4.96 
1.39, 1.61, 1.89, 2.11, 2.36, 2.55, 2.65, 
2.75 
6.86 1.61, 1.89, 2.11, 2.36 
25×10 
4.87 0.95, 1.09, 1.45, 1.78, 1.59, 2.06 
7.30 0.95, 1.09, 1.45, 1.78, 1.59, 2.06 
 
30×25 
4.38 0.223, 0.447, 0.67, 0.894, 1.11 
6.32 0.223, 0.447, 0.67, 0.894, 1.11, 1.34 





Chapter 4: Heat Flux Analysis 
4.1 Total Heat Flux Distribution  
In this chapter, the total heat flux distribution obtained under different fire and wind 
conditions are presented and correlated against a parameter representing the influence of 
fire-induced buoyancy and wind-driven momentum. The parameter, namely the local 
Richardson number (Rix), is proposed to scale with heat flux data. A piece-wise function 
of the non-dimensional heat flux versus the local Rix can then be used to predict the heat 
flux in wind-driven fires. Some future work to be done in this area is also discussed. 
Figure 19 shows heat flux data collected at the same point (11 cm downstream surface) 
averaged for 150 s for 4 different sets of experiments, with 2 two fire sizes, 6.3 kW and 9.5 
kW, and 2 wind velocities, 1.14 m/s and 1.62 m/s. The average data will be used in later 
analysis. It is clear that, when the wind velocity is high, the heat flux is quite stable with 
few fluctuations, while on the other hand, the heat flux data varies more with a low wind 
velocity. It is speculated that, when the wind speed is high, most of the flame is forced to 
attach to the surface, and the heat flux gauge is fully covered within the stable flame region, 
thus the heat flux data received is reflecting the stable flame movement. When the wind 
speed is low, only a small portion of the flame is attached to the surface, and heat flux 















 6.3 kW, 1.62 m/s
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Figure 19. Heat flux data taken on 11 cm downstream averaged for 6.3 kW, 9.5 kW fire 
size, 1.14 m/s, 1.62 m/s wind speed scenarios for a period of 150 s. 
 
In order to quantify the total heat flux in a somewhat universal manner, the local distance 
where each heat flux was measured was first normalized [87, 88]. The distance along the 
downstream surface from the trailing edge of the burner is denoted here as L, which is 
normalized by dividing by the burner hydraulic diameter, DH, which for a rectangular 
burner, is defined as four times the area over the perimeter [89], 
                                                         HDLL /
*                                                               (14) 
                                                        PSDH /4                                                             (15) 
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Here, S is the area of the burner, P is the perimeter, and L* is the non-dimensional 
downstream distance.  
A significant difference was observed between the heat flux distribution profiles of the 
high and low wind velocities. For low velocities, buoyancy dominates the flame shape and 
only a small portion of the flame was observed to attach to the surface ahead of the burner. 
Because the nearest heat flux gauge is located 5.5 cm from the burner edge, the peak heat 
flux, which we later show occurs at this transition point, is not picked up, instead only 
resolving the downstream decaying heat flux profile in the thermal plume, where the flame 
has already lifted off from the surface.  This is seen in Fig. 20, where the heat flux decays 
from approximately 10 kW/m2 to 0, following a power-law decay like Eq. 2. 
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On the other hand, when the wind velocity is high enough, the flame starts to transition 
from a buoyancy-dominated to a momentum-dominated regime, remaining attached to the 
downstream surface for considerably longer distances. This momentum-dominated regime 
can also be seen in Fig. 21, where the heat flux to the downstream surface first increases to 
a peak value, then decreases with downstream distance. This makes sense for these smaller, 
convectively-dominated flames, where the location of closest attachment occurs at a certain 
distance downstream of the burner, followed by a decay in the remaining attached flame. 
This work will focus on finding the location where this heat flux value reaches its 
maximum and the implications of this location, as it may indicate transition from a 
momentum to buoyancy-dominant regime. 
Distinct differences can also be observed from the flame images. Following Fig. 21 is a 
comparison of the flame images under 0.87 m/s and 2.13 m/s wind velocities, 
corresponding to the heat fluxes shown in Fig. 20. The differences between the two flame 
shapes are clear as the wind velocity goes from low to high. 
 
Figure 21. Experimental photos showing different flame shapes under wind.  
 
7.9 kW, 0.87 m/s 5 cm 7.9 kW, 2.14m/s 5 cm 
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Further analysis of the heat flux data shows that, when the wind velocity is relatively low, 
the heat flux distribution follows a power law, as has been reported in previous literature 
[90],    npf xxaxq / . The fitted constants a and n are shown in Fig. 22 for each test. 
Unlike previous results for upward or inclined flame spread, where the exponent, n varied 
from -2 to -7, here the exponent was closest to -1 for low velocities. This corresponds to a 
heat flux value roughly inversely proportional to the downstream distance. The constant A 
in front of the equations also varies between tests, which corresponds to different fire sizes. 
Based on these results, it can be inferred that, the larger the fire size, the higher the constant 
A will be, being proportional to the change in fire size. The fitted equations in Fig. 22 have 
an adjusted R2 value not less than 0.98, which means the fitted equations match the 
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Figure 22. Heat flux distribution under low wind velocities. 
 
4.2 Richardson Number Analysis 
What is clear from previous studies is that, when an external ambient flow is applied over 
a fire, natural convection from buoyancy and forced convection from the wind will both 
play a role in the shape of the flame and, consequently, the heat flux from the flame to 
surrounding unignited fuels. As the velocity of the wind is increased, a considerable portion 
of the heat flux from the flame will be received by the downstream surface because the 
flame will “tilt” or “attach” closer to that surface, increasing both convective heat transfer 
due to its closer location and radiative heat transfer due to its improved view factor. Apte 
[91] et al. studied wind-driven flame spread in an enclosed tunnel over PMMA, clearly 
43 
 
delimitating attached and plume flow regimes, however they were not able to draw larger 
conclusions as the flame spread and accelerated as a function of time [92]. Similarities can 
be seen, however, in combined forced and natural convection over a hot plate as our small-
scale experiments are mostly dominated by convective heat transfer [93-95]. For these 
problems, the Grashof,  






                                                        (16) 
and Reynolds numbers, 
                                                    

Ux
x Re                                                                    (17) 
have been used to described both heat transfer and transition problems in flames and hot 
plates, where hT  is the hot gas temperature, T is the ambient temperature, x is downstream 
distance along the plate, g the acceleration due to gravity, U  the ambient velocity,   the 
thermal expansion coefficient, and  the kinematic viscosity of the ambient air. For flow 
over a hot plate, the relative role of buoyant and inertial forces has been divided into three 
regions based on the value of a correlating parameter, b
xxGr Re/ . It is noticed that several 
different values for the numerator, b have been selected in previous literature to describe 
flow over hot surface. For example [96], they chose b to be either 1.5 or 2.5 based on the 
geometry of the flow scenarios. 
In this work, b = 2 is chosen to describe the competition between forced and natural 
convection, taking the more common form of a Richardson number,  













                                                     (18) 
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where instead of using 
hT , the temperature of the hot gases, the highest local flame 
temperature, 
fT is used to describe the temperature difference which drives buoyancy. The 
local flame temperature was obtained by interpolating available temperature data in one 
vertical direction (nearly 20 points).  These temperatures are found by applying a fit to the 
profiles of temperature and then interpolating the resulting equation to find the maximum 
temperature. Figure. 23 shows the measured local maximum flame temperature. This figure 
shows the temperature data obtained at a downstream location 16.5 cm from the trailing 
edge of the burner, with a fire size 9.5 kW and wind velocity 1.91 m/s. First, a best-fit 
equation is found for the existing dataset, then it is interpolated to find the highest local 
flame temperature. The same method is applied to all the test cases to get the temperature 
information for Rix analysis. 























Figure 23. Vertical temperature profile taken 16.5 cm downstream of the trailing edge of 




The local Rix can then be used to describe this competition within three regimes, dominated 
by, forced convection, mixed convection, and finally natural convection. These regions can 
be expressed as: 















                                    (19) 
Mixed convection flows have often been described as dominated by inertial forces when 
Rix <0.1, and by buoyant forces when Rix >10 [97, 98]. For a fire problem under the effect 
of wind, where strong buoyant forces are introduced both due to high temperatures and 
distributed heat release, with relatively low wind velocities, most problems lie in the mixed 
convection region, where Rix is between 0.1 and 10. The details and implications of heat 
transfer modes in this mixed region (0.1< xRi <10) is of particular interest in our case, where 
the transition from an inertial-dominant to buoyancy-dominant regime occurs. Thus, based 
on the temperature information collected from the flame, a local Rix number analysis can 
be performed. This will be used alongside the heat flux distribution to try to indicate a 
threshold for transition, coupled with observation of attached and plume behavior of the 
flame, such as that shown in Fig. 20.  
The heat flux distribution to the surface downstream of the burner under high wind 
velocities is shown in Figs. 24 and 25. A clear transition point can be seen for these heat 
flux distributions. The location for the peak point is moving with increasing wind velocity. 
Since there are a limited number of heat flux data points for each experiment, to find the 
exact position where the local heat flux reaches a maximum, the data must be interpolated 
and fit.  
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Dimensionless Downstream Location L
*
 1.91m/s, 6.3 kW
 1.91m/s, 7.9 kW
 1.91m/s, 9.5 kW
 1.62m/s, 6.3 kW
 1.62m/s, 7.9 kW
 1.62m/s, 9.5 kW
  
































Dimensionless Downstream Location L
*
 2.45m/s, 6.3 kW
 2.45m/s, 7.9 kW
 2.45m/s, 9.5 kW
 2.14m/s, 6.3 kW
 2.14m/s, 7.9 kW
 2.14m/s, 9.5 kW
  
Figure 25. Heat flux distribution under high winds (2.14 and 2.45 m/s). 
 
The local Rix number is also determined here for high wind velocities to describe 
competition between natural and forced convection. The highest local flame temperature 
was used as Tf and the distance L is taken as the characteristic length scale for Rix. From 
Figs. 26 and 27, one can tell that Rix generally increases with non-dimensional downstream 
distance L*, from about 0.3 to 2.5. In order to find the implication of Rix and its influence 
on the heat flux distribution, a detailed analysis is performed. 
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 1.62m/s, 9.5 kW
 1.91m/s, 6.3 kW
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 2.14 m/s, 6.3 kW
 2.14 m/s, 7.9 kW
 2.14 m/s, 9.5 kW
 2.45 m/s, 6.3 kW
 2.45 m/s, 7.9 kW
 2.45 m/s, 9.5 kW
  
Figure 27. Local Rix number under high winds (2.14 and 2.45 m/s). 
 
4.3 Non-dimensional Heat Flux and Correlations  
An analysis of the local Richardson number, Rix was performed for the aforementioned fire 
cases. It is found that Rix along the downstream insulation board will undergo a transition 
as the flame grows and spreads downstream. When the flame starts at the burner leading 
edge, Rix is small (Rix<1) as Grx is smaller than Rex, and the flame is forced to the surface, 
indicating that buoyant forces are weaker than the momentum forces introduced by the 
wind. With continued downstream distance and heat-release from the flame, the buoyant 
force increases until it equals the forward momentum forces (Rix=1). After this point, the 
flame becomes buoyantly dominated and appears as an upward plume lifted away from the 
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fuel surface. In Figs. 28 and 29, Rix and the local total heat flux to the surface are plotted 
against L* for two scenarios, a 9.5 kW fire size under 1.91 m/s wind velocity, and a 7.9 kW 




L ) and where the peak heat flux is observed ( peakL ) appear to occur at the same 
location, shown in Fig030. Then the same method has been applied to all the experimental 
cases investigated. The two key locations, 

1xRi
L and peakL , were noted and tabulated. Figure 
28 then compares the correlation between 

1xRi
L  and peakL . As they are very nearly linearly 
correlated, it shows the location where the buoyant-inertial transition appears also is the 
location of maximum heat flux. This means that when the local Rix reaches unity, or the 
buoyant force equals the viscous force in wind-driven fires scenarios, the local heat flux 
on the downstream surface reaches a maximum. This has strong implications for the fuel 

































































Figure 28. Local Rix number with local heat flux (9.5 kW, 1.91 m/s). 
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Figure 29. Local Rix number with local heat flux (7.9 kW, 2.14 m/s). 
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Figure 30. Comparison of dimensionless downstream location at Rix =1 with the peak 
heat flux value. 
 
Looking back to images of the flame in forced and plume-like configurations, the peak heat 
flux observed where Rix=1 seems reasonable as the flame is observed to slightly curve 
before reaching an inflection point where it transitions to a plume-like configuration. This 
inflection point apparently causes significant flame attachment, which most likely results 
in very high convective heat fluxes (only total, radiative plus convective measurements 
were conducted for this study). Figure 31 shows the dimensionless local total heat flux 
*
fq  
plotted against the local Rix, where 
*
fq  is  
                                       AgLTcqq paff  /*                                                            (20) 

  peakRi LL x 1
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and                                        )/(  TTTA f                                                              (21) 
with 
 TTT f  the difference between the flame and ambient temperature, and a  and 
pc  the density and specific heat capacity of air, respectively. A is an adapted Atwood 
number for ideal gases used in the study of hydrodynamic instabilities in density stratified 
flows, more commonly defined as )/()( 2121  A . The Atwood number is an 
important parameter in the study of Rayleigh-Taylor instabilities, which are believed to be 
important in wind-driven flame spread problems [99].  
A piece-wise function which correlates the non-dimensional heat flux distribution (Eq. 20) 




















q                                                   (22) 
The local total heat flux to the downstream surface can then be correlated between two 
regimes, with a turning point at Rix=1. Before Rix=1, the non-dimensional heat flux 
changes with local Rix as 
25.0* 02.0

 xf Riq , with a R




 xf Riq , with a R
2=0.9. Both equations provide a relatively good fit to the 
experimental data. Equation (22) is shown as a solid line in Fig. 31, where it can be used 
to estimate the local total heat flux distribution on the downstream surface for a variety of 
ambient flows and fire sizes.  
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Figure 31. Dimensionless local total heat flux with local Rix. 
 
4.4 Discussions and Conclusion 
In this chapter, the total heat flux distribution on the downstream surface is investigated in 
wind-driven line fires. It is found that the heat flux distribution profile changes under 
different wind velocity and fire size regimes. When the wind velocity is low, the heat flux 
will decrease with downstream surface, and when the wind velocity is high, local heat flux 
will first rise to a peak value then decrease with downstream distance. The local Richardson 
number is used to fit experimental data and it is found that the location where the local heat 
flux reaches its maximum matches the location where the local Rix number reaches unity. 
This signals a transition point at Rix=1, at which point the local heat flux profile reaches a 
turning point, too. Finally, a piece-wise function is proposed to correlate the non-





















dimensional heat flux with local Rix number. Information from this chapter on the local 
heat flux distribution could help shed light onto the fuel heating process and fuel ignition 




Chapter 5: Flame Fluctuations and Attachment Length 
Pulsations, or “bursts” of flame forward beyond a mean flame front have been observed 
for many different fires, however, few if any works in the literature have addressed this 
subject. In this study, a stationary gas burner is used to investigate forward pulsations of 
flames. The flame shape and location of a wind-driven fire are important information as 
they could potentially determine the region where the flame can reach, and thus the pre-
heating area. The flame shape and location are recorded using high-speed side-view video 
and a methodology is applied to study the controlling parameters.  
 
5.1 Measurement Methodology 
A region starting at the downstream edge of the burner and extending fully downstream, 1 
cm above the surface [12], was determined as a region of interest where extension of the 
flame would relate to flame attachment and fuel particle heating, as shown in the dashed 
rectangle in Fig. 32. The flame location was then determined in this region of interest by 
tracking the furthest-most downstream tip of the flame. This location fluctuated in time, 
where it was observed that the flame would pulse downstream, “bursting” into what would 
be the unburned fuel region in a spreading fire experiment. Experimental videos were 
loaded into a MATLAB script for analysis. While the 1 cm height chosen for the region of 
interest is somewhat arbitrary, the results are found to scale regardless of this height, with 
their absolute values adjusting slightly. To eventually connect these results to real wildland 
fire spread, a fuel bed height could be defined for specific scenarios.  
With captured high definition video perpendicular to the flame, the two-dimensional 
intermittent flame behavior and its corresponding characteristic properties is extracted. 
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This, of course, averages any variability along the width of the flame, however, the flame 
generally seemed to pulsate along its entire width when observed from above, indicating 
that spatial averaging does not induce a large error to the analysis.  
 
Each image in the video was cropped to this same region of interest and then converted to 
a black and white image using a threshold value based on the average light intensity. This 
analysis included taking a number random images from the video and determining the 
flame/non-flame regions based on light intensity for that specific image using a MATLAB 
tool based on Otsu’s method [100]. The result of this light intensity analysis for each image 
was a conversion factor which was averaged from each of the 6 images randomly selected 
from each video. This average conversion factor was used for all images in the video and 
further analysis of the experiment. The flame attachment location (xa) was finally 
determined as the furthest downstream pixel in the region-of-interest that satisfied the 




Figure 32.  Flame location between two time steps in a forced flow experiment. The 
flame attachment location (xa) is measured from the downstream edge of the burner to 
edge of the flame within the attachment region. 
t = 1 t = 2 





In the image analysis, the threshold was chosen based on the highest level of light intensity 
present in 6 random images. Then this thresholding method is applied to convert the gray-
scale flame images to binary images from black and white, with 1 indicating flame and 0 
indicating non-flame. Average images from one experiment are obtained by dividing the 
summation of all binary matrices by the total number of images. A 50% probability method 
was used to define the average flame shape following Audoin et al. [101], shown in Fig.  
33. The process of image analysis is shown from still flame images obtained in experiments 
to a black-white binary image, and finally to the average flame shape and geometry 
represented by a red line. The average flame shape, including the average flame length 
from the center of the burner to the flame tip (Lf), the flame tilt angel from the from the 
flame tip to the horizontal (θ), and the horizontal flame extension length (xf) were obtained 
using flame outlines from side-view images, illustrated in Fig. 34. 
 
 
Figure 33. Flame image processing based on luminosity 
 
The flame location in the downstream direction, within a region of interest (ROI) 1 cm 
above the flat, inert surface past the end of the burner was then calculated based on whether 
the flame was present using the 50% probability criterion. This was necessary as the flame 
was observed to fluctuate within this region in time, resulting in intermittent flame 






Figure 34. A side-view of mean flame properties including the flame height Hf, flame 
length Lf, maximum frequency location xmax, mean flame attachment length xa, horizontal 
flame length xf and flame tilt angle 𝜃 
 
The flame pulsation frequency was obtained from the forward flame location as a function 
of time (Fig. 35) using a variable-interval time-averaging (VITA) method [102], following 
the analysis of pulsations from thermocouples in larger scale spreading experiments [10]. 
Level-crossing was only considered for the forward direction, thus only when the flame 
was not at a location in the previous time step, and then appeared at the next time step, was 
it considered a crossing to avoid double-counting. The resulting forward flame pulsation 
frequency was then determined at each downstream location by dividing the number of 




xmax = location (max frequency)
θ
xa = location of mean flame 
(attachment) geometry in ROI











































Figure 35. Fluctuating flame extension with time.                                    
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Figure 36.  Probability Density Function (PDF) of normalized flame position 
 
 
5.2 Maximum Flame Pulsation Location 
The downstream flame extension within the attachment region fluctuated in time, causing 
intermittent flame contact within the simulated unburnt fuel region. The flame position in 
time was compared to each of these locations and the number of occurrences was tallied. 
The frequency for each location was then determined by dividing the number of crossings 
by the total number of frames analyzed, and multiplying by the frame rate of the video. 
Thus, based on the flame location over time (Fig. 36, top), the level-crossing frequency can 
be extracted for each flame location downstream (Fig. 36, bottom). The maximum flame 
frequency position, xmax was determined using the method described in previous section, 
63 
 
corresponding, for instance, to 46.5 cm in Fig. 36, bottom. The same method was used for 
each fire/wind configuration. This length was observed to be similar to the average flame 
attachment length, which in this experiment was determined by measuring the 
instantaneous attached flame length, xa within a 1 cm tall crop box downstream of the 
burner for each frame and averaging this value.  
The flame forward pulsation frequency, fF may have an effect on the rate of fire spread 
when intermittent heating is important [10]. It would therefore be desirable to know the 
location of maximum frequency, and if that location corresponds to mean flame features 
for which relationships already exist. Using the defined mean flame geometry from Fig. 
32, we can calculate an approximate horizontal flame length, 
                                                   cosff Lx                                                                 (23)  
which provides a reasonable correlation between the flame length and flame tilt angle. This 
has previously proven useful in the study of flame shapes under wind [103]. Assuming the 
centerline of the flame is straight, the flame tilt angle,  , is approximately a function of 
wind velocity, Uwind and a buoyant vertical velocity from the flame V [104, 105], 
approximated as, 
                                                    
windU
V
tan .                                                             (24) 
Based on correlations by Thomas [106] and Rasbash [107], V can be correlated with the 
flame length for vertical fires as, 









  ,                                                     (25) 
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where g is the acceleration due to gravity, fL is the flame height, fT  is the flame 
temperature rise over ambient, and 0T  is the ambient temperature. Assuming the centerline 
of the flame is approximately a straight line, as illustrated in Fig. 32, 




























 .                                  (26) 
 
Thus, the flame horizontal length, xf can be re-written as, 
















 .                                                           (27) 
Figure 35 shows the relationship between the location of the maximum flame pulsation 
frequency, xmax, with the horizontal flame length, xf. It is found that there is a clear linear 
relationship between the maximum frequency position and the horizontal flame length, 
with an R2 value of about 0.87, which indicates the data fits fairly well with the function. 
Including Eq. (27), we then can develop a relationship between xmax, Lf and θ, which can 
be expressed as 



















 ,                                               (28) 
where Lf and xmax are measured in cm. 
Equation (28), plotted in Fig. 37, describes the relationship between the maximum 
frequency location and the averaged flame shape. The maximum flame pulsation frequency 
is seen to occur in a specific normalized position of wind-blown flames, perhaps indicating 
that there is a location where attachment is most unstable and the flame’s position 
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fluctuates with time. Using this fit, the location of the maximum flame pulsation frequency 
can be estimated using mean flame properties, particularly the flame length and the wind 
speed, which is useful as these parameters are much easier to measure in spreading flames. 
Continued study using stationary flames such as these may help to further elucidate the 
mechanisms by which these processes occur and improve our understanding of flame 
spread through wildland fuels.  
 




























































Figure 37.  Horizontal flame length versus the location of maximum frequency, xmax 
 
 
Another important question that arises in flame spread is the distance a flame may extend 























mean value, however, a statistical understanding of the flame location can provide more 
useful information when fine fuels in wildland are sensitive to fluctuation of the flame.  
 
  
 (a), Q  = 2.38 kW, Uwind = 1.9m/s                                (b), Q  = 5.0 kW, Uwind = 2.65 m/s 
Figure 38.  Histograms of flame extension length, xa for a 25×5 cm
2 burner. 
 
In order to illustrate the periodic movement of the attachment region, probability density 
functions (PDFs) of the normalized flame location versus the probability of the flame 
occurring at that location were created, shown in Fig. 38. The flame locations were 
normalized by the mean flame attachment length, ax , using the methods described above 
where the Gaussian curve-fits for occurrence created such that the area under each curve 
was equal to unity. These PDF’s therefore indicate the probability that the attachment 
region of a flame would extend beyond the mean flame location and vice versa. As shown 
in Fig. 38, both configurations have a 25×5 cm2 burner with 8(a), Q

=2.38kW, Uwind=1.9m/s, 
and gLUFr wind /
2 =4.28; and 8(b), Q =5.0kW, Uwind=2.65m/s and Fr=6.27. 
Figure 39 shows the Gaussian fits to the PDF’s of xa for two different heat-release rates, 
3.2 and 5.0 kW, for a range of wind velocities. It is clear from the Fig. 39 that, for the same 
fire size, an increase in wind velocity will cause the flame to extend increasingly further 
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from the mean flame position, even when normalized with mean properties. The 
significance of this result is that increasing winds will cause the attachment region of 
flames to extend significantly further into unburnt fuels during flame spread, further 
explaining why periodic bursts of flames may be a significant factor in heating during 
flame spread. 






















































































(b)  Fire size = 5.0 kW 
Figure 39.  Probability of normalized flame attachment length, 
aa xx / for different fire 
sizes and wind velocities. 
The variance of the normalized flame attachment length, aa xx / from Gaussian curve fits, 
σ2, were extracted for each fire case. Increasing values of σ2 indicate an extension of the 
“wings” of the PDF’s as shown in Fig. 39, which represents an increasing probability of 
both up and downstream extensions from the mean flame position. In other words, a large 
σ2 increases the probability of a flame “burst” forward from the mean flame locations. 
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where gLUFr wind /




Fr has been found to be a good 
indicator of wind-driven flame movement in previous studies [108, 109]. The variance σ2 
first increases with increasing *
3/2
Q
Fr , then reaches a plateau (Fig. 40). This signifies that, 
as the ratio between wind momentum over flame buoyancy increases, the flame extends 
further from the mean flame attachment length, ax . As *
3/2
Q
Fr  continues to increase and 
exceeds about 2.5, the correlation begins to level off, where σ2 is less dependent on the 
ratio. This observation is expected as the flame starts to become fully attached to the surface 
at high wind velocities, reaching a maximum possible extension length with significantly 
less movement from the mean flame location. Eventually at high velocities, the flame will 
start to extinguish at the leading edge, however, this situation was avoided in this study as 






















Level offIncrease with Fr2/3/Q*
 
Figure 40.  The variance, σ2 of the normalized flame attachment length, 
aa xx / , from 
Gaussian curve fits versus Fr2/3/Q* 
 
5.3 Flame Attachment Length 
The flame attachment length of a wind-driven fire along the downstream surface is also an 
important parameter in assessing flame spread. It more directly describes the competition 
between natural convection and forced convection, and should correlate with measured 
heat fluxes along the surface for these smaller, convectively-dominated flames. Averaged 
flame images were first obtained using a 50% threshold that was describe in Section 4.1 to 
determine the flame shape. In Fig. 41, we first obtained the averaged flame shape for one 
case from hundreds of separate images. The flame attachment length for each test was 
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obtained by analyzing averaged side-view images. An intensity threshold determining the 
flame/non-flame region was applied to the images to give iso-contours of the flame shape. 
  
 
Figure 41. Averaged flame image from experimental pictures 
 
After obtaining the averaged flame shape, the flame images are processed in a MATLAB 
program, to get the iso-contour flame images for each case. Figure 42 shows resulting 
averaged flame with different wind velocities for the same fire size. The flame attachment 
length was then defined as the distance between the burner trailing edge to the downstream 
location where the flame contour is 5 mm from the downstream surface. Different threshold 
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heights were used to determine the flame attachment length (1, 2, 4, 6 mm) to give a 
representation of the potential error seen in Fig. 42. As the wind velocity is increased, the 
distance along which the flame attaches to the surface increases, but does so at a slower 
rate once the flame becomes nearly attached along the surface. This behavior will increase 
heat fluxes to the downstream surface which would, in turn, increase rates of flame spread. 
We measured the flame attachment length using the scales given in the figures. The flame 
attachment length information is then further analyzed and compared with a local Rix 








Figure 42. Averaged flame images under different wind velocities show the attachment 
length (Lattach) of the flame to the surface with scales. Regions between the two blue 
dashed lines represent the burner depth, while the red solid lines, which are 5 mm in 
height, represent the flame attachment length measured along the downstream surface. 
7.9 kW, 1.91 m/s 




Lattach= 4.6 cm 
Lattach= 18 cm 
Lattach= 19.8 
cm 
7.9 kW, 1.14 m/s 
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The dimensionless flame attachment length, 
attachL was calculated by dividing the 
attachment length by the hydraulic diameter of the burner surface, DH. 

attachL  was then 
plotted against  1xRiL , the dimensionless location where Rix=1, representing nearly equal 
competition between buoyancy and momentum at that point. After plotting the values, 
shown in Fig. 43, a clear linear relationship was found between 




                                                


  15.055.1 xRiattach LL .                                                                                                  (29) 
Because we can choose different thresholds for determination of the flame attachment 
length, different definitions for 

attachL  could shift the values in Fig. 43 up or down a little 
bit, however the attachment height (5 mm) was varied ±15% to determine the error bars 
shown, which clearly has little effects on the relationship. Therefore, the flame attachment 
length appears to be directly correlated with the location of maximum heat flux, meaning 
that this location corresponds to the transition between where boundary layer to plume like 
burning occurs.  
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L  with dimensionless flame attachment length 

attachL where error bars 
shown represents variation in the chosen threshold heights. 
 
Following analysis from the previous section where a relationship was found between the 
local Rix number and the location where the local heat flux reaches a peak, the non-
dimensional flame attachment length on the downstream surface, 

attachL  in terms of 

peakL  
is found to be expressed as: 
                                             


  15.055.1 xRiattach LL                                                      (30) 
5.4 Discussions and Conclusion  
In this chapter, the flame shape in wind-driven fire is investigated, with a focus on the 
flame intermittent fluctuation length and flame attachment length on the downstream 
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surface. An average flame shape was first obtained using image analysis, followed by a 
flame extension length in the region-of-interest tracked using the VITA method. The 
location of maximum flame pulsation frequency was collected and compared with the 
average flame measurements. A correlation was proposed between the flame horizontal 
length and the maximum flame pulsation frequency location and a linear equation was 
found between the two parameters. The variance of the flame fluctuation was been found 
to be related to Fr and the fire heat release rate, Q*. The flame attachment length on the 
downstream surface was also studied, and a linear correlation was found between the flame 
attachment length and the location where the local Rix reaches unity, the location where 
the flame starts to detach from surface shifts a little bit from the location where local heat 
flux reaches a maximum value.  
Information from this chapter on the flame intermittent fluctuation can help shed light on 
the flame intermittent heating behavior. By using some average parameters determined 
from flame measurements, such as the flame length, flame height and flame tilt angle, one 
can estimate the flame fluctuation extension length. The variance of flame fluctuation is 









Chapter 6: Flame Intermittent Frequencies 
Most literature on wind-driven fire spread has focused on steady-state burning 
characteristics of these fires, preferring this time-averaged view of flame tilt angles, 
burning rates and downstream heat fluxes to the more complicated, stochastic movements 
that flames make. The fluctuation of the flame front, however, has recently been 
determined to play an important role in flame spread, in particular for wildland fires. The 
movement of flames therefore may have implications in a variety of wind-driven scenarios, 
wherever flames reside long enough to heat unburnt fuels and thus contribute to forward 
fire spread. While some flame “pulsation” have been studied in the past, such as the 
intermittent “puffing” of pool fires under stagnant conditions, this behavior is different 
from what is observed from wind-driven configurations. The puffing frequency of the pool 
fires has, however, been found to correlate well with the diameter of the fire source. These 
experiments on buoyant plumes suggest that puffing is primarily a result of a buoyant flow 
instability, which involves a strong coupled interaction between the buoyant plume and a 
toroidal vortex formed a short distance above the burner surface. This scaling has also been 
represented as a Strouhal –Froude relationship St ~ Fr-0.5. In wind-driven fires, the pulsation 
of the flame will probably not scale with burner size in the same way as fires under stagnant 
conditions, as the wind velocity, which is a critically important element in the flame 
movement, is not included in the formulation.  
 
In the previous chapter, the local total heat flux distribution on the downstream surface of 
wind-driven line fires was investigated and a local Richardson number ( 2Re/ xxx GrRi  , 
flame buoyancy over wind momentum) was employed to scale the measured non-
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dimensional heat fluxes. The average flame attachment length was also found to be linearly 
related to the local Rix. Those experiments represented a first step toward understanding 
the behavior of spreading wind-driven fires. However, only time-averaged quantities were 
reported, which would be able to help estimate the amount of heat that can be received by 
the downstream unburnt fuel by a given time, thus helping to further understand the fuel 
ignition and fire spread in wind-driven flames. 
In this study, a stationary, non-spreading gas-burner fire configuration was chosen as it 
allows for a thorough statistical analysis of the flame structure. Long-duration experiments 
allow for a large sample size and more control over variations in experimental parameters, 
such as decoupling the heat-release rate of the fire from flow conditions, unachievable in 
spreading fires. The flame zone depth in the direction of fire spread can also be carefully 
adjusted via the size of the burner. High speed video is useful on these fires to reveal and 
track buoyant instabilities in the fire flow which resemble those appearing in spatially-
uniform fuel beds [10]. The same intermittent movements observed in the fuel bed 
experiments were observed with the stationary burner, but with the ability to collect a larger 
data set. The flame forward and downward pulsation of wind-driven line fires will be 
studied, respectively to shed light into the ignition of unburnt fuels by flame contact and 
thus the fire spread. The flame forward pulsation frequency will be extracted from flame 
videos using the VITA method, while the local flame-fuel contacting frequency on the 
downstream surface will be obtained through a FFT of heat flux sensor data. Scaling laws 
will be developed for these two frequencies respectively and equations will be derived to 




 6.1 Flame Forward Pulsation Frequency 
The flame forward pulsation was measured for stationary burners under wind. The flame 
location was determined using side-view high speed videos. Each image in the video was 
cropped to the same region-of-interest, a region defined from the downstream edge of the 
burner surface to the end of the image in the downstream direction, with a certain height 
above the surface. This region, in theory, could represent a fuel bed depth in a spreading 
fire (see the dashed rectangle in Fig. 44). Flame images were then converted to greyscale 
images in MATLAB by averaging all three color channels, and a threshold applied to result 
in a black-and-white image of flame and no-flame regions. As shown in Fig. 44, the flame 
position and flame shape are constantly changing when there is a perpendicular wind. The 
flame location is determined in the region of interest by tracking the furthest downstream 
tip of the flame detected from thresholding. This location fluctuates in time and would 
“burst” or quickly enter into what would be the unburnt fuel region, resulting in the 
intermittent heating of unburnt fuels by flame contact. 
 
Figure 44.  Flame location between two time steps in a forced flow experiment 
 
Resultant flame locations as a function of time, shown in Figure 45, were analyzed using 
the VITA method. Level-crossing was only considered in the technique for the forward 
t = 1 t = 2 
xa = 40 cm xa = 45 cm 
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direction, thus only when the flame was not at a location in the previous time step, and then 
appeared at the next time step, was it considered a crossing to avoid double-counting. The 
resulting flame forward pulsation frequency was then determined at each downstream 
location by dividing the number of crossings by the total number of frames, multiplied by 
the frame rate of the video. For this study, a 1 cm crop box height was used as the region 
of interest, as shown in Fig. 44. Other heights up to 4 cm were also tried, however the 
results were found to follow the same scaling shown here regardless of the height, with 
only their absolute values adjusting slightly. The mean values of the frequency data 
obtained from all the thresholds was used for later analysis. To connect results eventually 
to real flame spread, a fuel bed height will need to be defined for the scenario at hand.  


































Figure 46 shows resultant frequencies following application of the VITA technique. As can 
be seen, the frequency is initially 0 within the continuous flame region nearer to the burner, 
but as the flame intermittently moves forward and backwards, it enters and leaves the 
unburned region producing a parabolic profile of frequencies. A maximum frequency 
therefore occurs between the continuous flame region and the maximum forward extension 
of the flame, indicated in Figure 46. The frequency at this location is used in the analysis 
as a maximum representative frequency of the flame along the surface.  
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Figure 46.  Level-crossing frequency and Probability Density Function (PDF) shows the 




Applying the VITA method to all fire sizes and wind velocities, maximum frequencies are 
extracted, shown in Fig. 47. It shows that the flame pulsation frequency increases relatively 
linearly with the wind velocity, while it decreases with fire size in all the experiments 
tested. The frequencies observed range from less than 10 Hz to about 15 Hz. 



































Figure 47.  Forward pulsation frequency with different wind velocities and fire size 
 
For the flame forward pulsation frequency, it is thought to be the result of competition 
between the forward momentum of the ambient wind and buoyancy from the flame itself. 
A scaling analysis can be performed, assuming relevant parameters, which reveals two 
primary groups that the forward pulsation frequency is dependent on, the Froude number 
(wind momentum over inertial force) and Q* (buoyancy). A phenomenological explanation 
can be arrived at by first assuming the flame forward-pulsation frequency can be related to 
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both the ambient wind velocity, u and the flame length, lf, which characterizes buoyancy 
from the fire, as 





f ~                                                           (31) 
In a wind-driven fire, the flame length has previously been found to be a function of the 
wind velocity and mass burning rate in the form [110, 111],  























                                          (32) 
where D is the characteristic diameter or length of the burner, m   the mass burning rate 
of the fire, and A, B, and C are constants, previously found to be 62, -0.044, 0.25, 
respectively for gas diffusion flames [111]. A non-dimensional velocity can be defined as 
a ratio of the ambient wind velocity and a characteristic buoyant velocity of the fire,  






                                                    (33) 
where g is the acceleration due to gravity and a  the density of ambient air. Assuming the 
fuel burns completely, m  can be related to the heat-release rate of the fire, Q  as  
                                                  mHQ c  
                                                                (34) 
which provides a more functional and universal parameter from which to define the fire. 
The heat-release rate can be non-dimensionalized as Q  [112] for a fire plume and 
expressed in terms of m   as 









                                                 (35) 
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Combining equations (1-5), we arrive at equation (6), which relates the flame forward-
pulsation frequency with the Froude number and the non-dimensional heat-release rate,   













fF                                               (36) 
The flame forward pulsation frequency data is then plotted against this parameter derived 
above in Figure 48, and a power-law relationship is found relating them as shown in 
Equation (37), 













fF                                               (37) 
It shows that the correlation between flame forward pulsation frequency and 
2/1
/ QFr can 
be well correlated in an equation, with an R2 very close to 1, indicating an excellent fit. 
Thus with Eq. 37, one can well estimate the flame forward pulsation frequency using more 
basic and more achievable fire parameters and mean flame measurements, including the 
fire heat release rate and Fr number. 
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6.2 Flame-fuel Contact Frequency 
The flame-fuel contact frequency can help determine how much heat flux can be received 
by unburnt fuels ahead of the flame through direct flame contact, which has recently been 
found to be a primary mechanism of ignition of fuels in a wind-driven wildland fire [10]. 
For each of the experimental conditions mentioned in Table 1, raw heat flux signals were 
taken at different locations on the downstream board. The flame-fuel contact frequency can 
be extracted from measured heat flux signals, such as the one shown in Figure 49 (top), by 
applying a FFT which results in a frequency spectrum, on the bottom, which has a peak at 
about 2 Hz. 
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Figure 49.  Heat flux raw data at 11 cm, with 9.5 kW fire size, 1.91 m/s wind velocity, 
and frequency spectrum obtained from FFT 
 
The same method is applied to three cases with different wind velocities but the same fire 
size (9.5 kW) at 11 cm downstream, shown in Figure 50. The FFT is smoothed using a 
Savitzky–Golay filter and the peak intensity used to choose the peak frequency at that 
location. In Figure 49, it can be seen that the flame-fuel contact frequency slightly increases 
with increasing wind velocity, however the intensity of this peak decreases.  




















Figure 50. Comparison of frequency obtained from the FFT for different wind velocities. 
 




















 9.5 kW, 1.62 m/s
 9.5 kW, 1.91 m/s





The local flame-fuel contact frequency was further plotted for different wind velocities and 
fire sizes. Figure 51 shows one example where the fire size is 7.9 kW, with the local 
frequency at different locations plotted and compared. The figure shows how, for a given 
wind velocity, the local frequency tends to go down with downstream distance from the 
burner.  













 5.5 cm   22 cm
 11 cm    27.5 cm


























Figure 51. Local flame fuel contact frequency for 7.9 kW under different wind velocities  
 
 
Previously, the flame puffing frequency without wind has been found to be only a function 
of burner size. Under wind conditions, however, two directional flame pulsations are 
clearly observed. One is the forward pulsation, where the flame is driven by the wind and 
moves back and forth in the stream-wise direction. The other is the upward pulsation, 
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which is found to be really a local phenomenon, where flame is touching and transferring 
heat to the local unburnt fuel within the attachment and intermittent regions. This section 
will discuss these two pulsation frequencies and their correlations with related parameters. 
For the local flame-fuel contacting frequency, following our previous work on the local 
heat flux distribution on the downstream surface in wind-driven line fires. The local 
Grashof (   23 / LTTgGr hx  ) and Reynolds ( /Re ULx  ) numbers arise as critical 
parameters describing the flow and heat transfer in our setup, where hT  and T are the hot 
gas and ambient temperatures, respectively, L is the characteristic length, g the acceleration 
due to gravity,   the thermal expansion coefficient, and  the kinematic viscosity of the 
ambient air. The relative role of buoyancy and inertial forces in the flow have been found 
to be well-described by comparing the relative influence of these two parameters, often 
determined to be a
xxGr Re/ , with a varying constant a.   
In a flame scenario with forced air flow, the Richardson number, with the exponent on Rex 
determined as 2, was defined as: 












                                           (38) 
Ri was used to represents the ratio between natural convection (controlled by the buoyancy 
of the flame) and forced convection (controlled by the forced air flow velocity), and instead 
of using the temperature of the hot gas, the flame temperature
fT was used. The flame was 
then divided into regions to describe flame attachment and liftoff that shown in Eq. 19. 
Inertial forces would be expected to dominate the flame behavior when Rix <0.1 and 
buoyancy forces dominate when Rix >10. However, the details and implications of the heat 
transfer modes in the mixed regions (0.1< xRi <10), where the transition from an inertial-
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dominant to buoyancy-dominant regime, has not been well studied. Because most fires 
with cross air flow scenarios reside in this region, seen visually with flames that begin 
attached near the surface and tend to “lift off” into a more plume-like scenario downstream, 
study of the fire behavior in this region will help improve understanding of the flame spread 
mechanisms. The Local Rix is calculated using equation 18 and plotted against the 
downstream distance, L. Figures 26 and 27 shows several examples of the local Rix trends 
with downstream distance. An increasing trend is seen with increasing downstream 
distance, although the patterns for different wind cases are different from one another other. 
In Chapter 4, it was found that the local Rix was a good indicator to collapse the local heat 
flux distribution along the downstream surface. Here we also apply this method to the 
frequency study and come up with one way to quantify and predict the local flame-fuel 
contacting frequency trend with local Rix number. 
A non-dimensional flame-fuel contacting frequency 
Cf  is proposed based on a 
characteristic gas fuel flow rate and downstream distance, 






f CC                                                                       (39) 
                                           3/1/ aDmgu 
                                                              (40) 
where 
Cf is the raw frequency data we obtained from heat flux gauge sensor, 
L  is the 
downstream distance from the measuring point to the leading edge of the burner chosen as 
characteristic length scale, 
u  is the characteristic fuel velocity based on mass loss rate, 
m   is the mass flow rate, D the burner hydraulic diameter, and a  the air density.  
Note that this non-dimensional flame-fuel contact frequency is not a typical Strouhal 
number as has been previously defined in pool fire studies. St-Fr correlations have been 
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found for pool fire puffing frequencies under stagnant conditions, where only natural 
convection (buoyancy) is controlling the flame behavior, and the length scale chosen for 
the study was pool diameter. This appears to be more of a global instability of the system 
driven by buoyancy. In our study, we introduced forced convection (wind), and the length 
scale is chosen as the distance from the measuring point to the leading edge of the burner, 
where the thermal boundary layer starts to develop. The length scale chosen in this paper 
follows the approach in Chapter 4.1 on the effect of forced and natural convection on heat 
flux distribution in wind-driven line fires.  
In Figure 52, the local Rix is plotted against the non-dimensional frequency. When Rix is 
smaller than 1, 
Cf  does not change much, however after Rix reaches 1, 

Cf  starts to 
decrease with Rix. A piece-wise function was obtained based on correlated data to describe 
the local frequency trend with Rix. Equation 41 indicates that, in a wind-driven fire, the 
flame-fuel contact frequency before the local Rix reaches 1 will remain unchanged, 
fluctuating around 0.7. After Rix reaches 1, which means natural convection and forced 
convection approximately balance each other, 
Cf
 will decrease with Rix in a power law 
trend as 78.07.0   xC Rif . 
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Figure 52. Non-dimensional frequency 

Cf  versus local Rix 
 
6.3 Discussions and Conclusion 
The flame forward pulsation frequency and local flame-fuel contact frequencies were 
discussed in this section, as they represent two directions of the flame movement in a wind-
driven fire scenario. The flame forward pulsation frequency describes how frequently the 
flame will move back and forth under certain fire sizes and wind velocities, indicating the 
potential of the flame to reach unburnt fuels on the downstream surface. It has been found 
to be the result of competing mechanisms of buoyancy of the flame and the wind 
momentum. A scaling analysis with Froude number and the non-dimensional heat release 
rate has been proposed to correlate the flame forward pulsation frequency. 
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In order to study the heating process of the fuels under attached and intermittent regions of 
the flame, the local flame-fuel contact frequency has been studied from measured heat flux 
signals. The local flame-fuel contact describes how frequently the flame “touches” the 
unburnt fuel surface under the flame attachment and intermittent regions, shedding light 
on how the unburnt fuels are actually being heated and ignited by direct flame contact, thus 
providing critical information for the prediction of flame spread. This frequency is thought 
to primarily be due to local flame buoyancy, although the distribution of this frequency has 
a relationship with the flame length (the three flame regions mentioned in Fig. 1). A local 
Rix number analysis has been performed to represent the distribution of this frequency, 
following our previous analysis on the local heat flux distribution on the downstream 
surface. 
Experiments were conducted on a variety wind-driven line fires where the intermittent 
behavior of the flame was studied. Both the flame forward-pulsation frequency and flame-
fuel contact frequency were independently measured. Trends in these quantities were 
reviewed and non-dimensional scaling proposed for each. It was found that flame forward 
pulsation frequency Ff , which could indicate the potential of the flame reaching out 
unburnt fuels on the downstream surface, can be well correlated and predicted by a non-
dimensional parameter, 2/1Q
Fr  in a power law trend. The mechanism of this forward 
pulsation has been found to be related to the competition of wind momentum and flame 
buoyancy. For the flame-fuel contacting frequency, which tells the local heating process of 
the flame to the unburnt fuels on the flame attachment and intermittent regions. A piece-
wise function was found between the non-dimensional 
Cf  with local Rix, indicating that 
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when Rix<1, non-dimensional flame contact frequency Cf  remains approximately 
constant, when Rix>1, it decreases with Rix. The information of flame forward pulsation 
frequency and local flame-fuel contact frequency, and their correlations with concerning 




Chapter 7: Conclusions  
In this work, a thorough experimental work has been conducted on the wind-driven line 
fires. Detailed information connecting intermittent fluctuations of the flame to fuel heating 
processes have been investigated. The local heat flux distribution on the downstream 
surface, intermittent pulsation frequencies of the flame, the flame extension length and 
flame attachment region have been studied in detail.  
First, the local total heat flux from a wind-driven line fire on the downstream surface was 
found to have different profiles for different wind speeds and fire sizes. When the wind 
speed is low, the heat flux decreases with downstream distance, while with a high wind 
speed, the heat flux first increases to a maximum value, then decreases. The location where 
the maximum local heat flux received by the downstream surface in a forced flow flame 
roughly matches the location where the local Rix =1. The dimensionless local total heat flux 
was then correlated with downstream location in a piece-wise function based on the 
Richardson number, breaking up the correlation between the attached and plume regions. 
The visually-observed flame attachment length was also found for each test, and linear 
correlation was found between this length and Rix. Information between the flame 
attachment length and local Rix are be able to help estimate the downstream location where 
it receives the most heat flux from a turbulent diffusion flame, and also where the flame 
starts to rise up and eventually enter plume region, thus shedding light on flame spread 
mechanisms downstream.  
A time-dependent view of the flame was also taken, observing the flame forward pulsation 
frequency Ff , which indicates the potential of the flame reaching out to unburnt fuels on 
the downstream surface past the average extent of the flame, can be well correlated and 
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predicted by a non-dimensional parameter, 
2/1Q
Fr , following a power law trend. The 
mechanism of this forward pulsation has been found to be related to the competition of 
wind momentum and flame buoyancy. For the flame-fuel contact frequency, which 
describes the local heating process of the flame to the unburnt fuels within the flame 
attachment and intermittent regions. A piece-wise function was found between the non-
dimensional 
Cf  with local Rix, indicating that when Rix<1, the non-dimensional flame 
contact frequency 
Cf  remains approximately constant and when Rix>1, it decreases with 
Rix. Information on the flame forward pulsation frequency and the local flame-fuel contact 
frequency, as well as their correlations with concerning parameters will be useful in the 
future to develop models for wildland fire fuel ignition and flame spread.  
The extension length of the flame has also been studied as a function of time. For increasing 
ambient wind velocities, flames are found to intermittently extend further downstream 
from the mean flame front, when measured along the surface. This means a longer region 
of flame contact with unburnt fuels would result during flame spread, increasing flame 
spread rates. The maximum frequency position is also found to be linearly related with the 
horizontal flame length along the fuel surface, indicating that periodic properties of the 
flame could be estimated from mean flame measurements and wind speeds. The variance 
(σ2) of the mean flame attachment length is also found to be sensitive to *
3/2
Q
Fr . The 
attachment length and intermittency characteristics of flames are critical factors in heating 
and ignition of fine fuel particles in wildland fires. Further study of the mechanisms leading 
to forward pulsations of the flame front are needed to more carefully determine the 
influence of these mechanisms on flame spread through wildland fuels. 
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Chapter 8: Future Work 
This study presented a first look at the behavior of stationary wind-driven flames and their 
time-dependent behavior. Based on what was found, there is a large amount of future work 
to explore in the area. First, tests with a large fire size and high wind velocity should be 
introduced, as only small fire sizes (~10 kW) and relatively low wind velocities (~2 m/s) 
have been employed in this project. In real wildland fires, the fire size will be much larger 
and turbulent. The flames in this study are, at best, transitionally turbulent, so this may 
limit their application. Data from larger fire sizes and a range of wind velocities should be 
collected and compared with our existing data, seeing whether the data and experimental 
observations can scale with size. 
The proportion of radiation vs. convection is also an important aspect that should be studied 
for its use in determining future models for flame spread, especially at larger scale. The 
local convective and radiative components can be calculated with either sapphire-window 
radiometers or estimated using the local temperature gradient. This information is 
important in that it will show a more direct picture of the fuel heating process, how much 
of the total heat flux is radiant heat, and how much is convective heat, shedding further 
light onto the heating and ignition of fuels in wind-driven fire spread. 
The mechanisms governing the frequencies observed for both forward pulsations of flames 
and flame-fuel contact are still not fully understood. Preliminary results have already 
shown that the frequency of wind-driven line fires are less than in stagnant situations. But 
the reason for this decrease in frequency is not fully understood. Probing detailed numerical 
simulations of the situations studied and/or development of theory to describe this behavior 
may be useful to further elucidate the mechanisms responsible.  
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Further improvements to the experiments can also be made. Further characterization of the 
incoming flow may be useful for validation of numerical models. Further aspect ratios of 
the burner would also be useful, but that will require a larger wind tunnel. The resolution 
of the heat flux data may also be improved by employing a smaller diameter heat flux 
gauge.  
In these experiments, flame spread behavior was studied on a flat plane, where the wind is 
flush with the surface. In real wildland fires, there could be many different geometries, for 
example, the flame can spread over an inclined surface, or the flame can spread in canyons. 
The fire behavior in these inclined geometries can be very different compared with flame 
spread over flat surfaces due to changes in entrainment, although the mechanisms may be 
similar. In later experiments, variations of these geometries will be undertaken to gain more 
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Appendix A: Convective and radiative heat flux 
In this section, we will discuss the convective and radiative heat flux components from the 
total incident heat flux received by the downstream surface. Radiation can be directly 
measured by a Medtherm radiometer, which is described in previous experimental setup 
part. Convection, however, can be calculated or estimated based on the temperature 
gradient on the board surface.  









                                                (42) 
in which, 
cfl，q  is the gas phase convective heat flux, or we can further estimate the 
convective heat flux as 
                                                  
0, )(  ywcfl
dy
dT
kq .                                                         (43) 
To calculate the convective heat flux, fine resolution temperature profiles near the 
insulation board surface can be measured. For example, for one measuring location with 
one wind velocity and fuel flow rate, six points were measured in a vertical direction with 
0.4 mm in spacing. An average temperature data was taken for three repeated 
measurements. Figure 53 below shows the temperature profile for a given fire case, with a 
fire size of 7.9 kW and wind velocity 2.14 m/s. Here, we can see there is a high temperature 
gradient on the board surface close to the burner, and with further locations away from the 
burner, the temperature gradient decreases. This can be explained by the flame attachment 
process, when the flame is attached the near burner surface and temperature gradient and 
convection at the surface is very high. When the flame lifts up at further downstream 
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locations, the local temperature gradient becomes less obvious, and convection in that 
region plays less of an important role. 



























Figure 53. Temperature distribution on the downstream board with fire size 7.9 kW, wind 
velocity 2.14 m/s 
The data was further analyzed, interpolating the temperature profile, shown in Figure 54.. 
From this figure, we could also see the temperature gradient difference in the near and far 
locations on the downstream surface. In the near-field of the burner, the local temperature 




Figure 54. Interpolation of the temperatures measured above the downstream surface 
 
Figure 55 below shows the temperature gradient profile for one case (wind velocity 2.14 
m/s, fire size 6.3 kW, and measurement location 5.5 cm from the trailing edge of the 
burner). It can be seen that a large temperature gradient appears at the board surface. The 
local temperature is first estimated by fitting the data points and a gradient at the surface 
calculated from the derivative of this fit at the board surface,  
                                                     0 yyTT .                                                          (44) 
The local temperature gradient at the surface is about 4.9× 105 K/m and thermal 
conductivity for air at the film temperature, which is the mean temperature of the wall and 
the flame, is estimated as 4.3×10-5 kW/K.m. Thus, the local convective heat flux is  
                                        0, )( ywcfl
dy
dT
kq 21.07 kW/m2                                                 (45) 
Re-visiting the total heat flux data we had from the previous section, we noticed that the 
local heat flux for this fire case are about 26 kW/m2. So, radiation in this region only 
provides less than 20% of the total heat flux. This makes sense for these small, laminar or 
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transitional flames. Information from previous studies also shows that convection in the 
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